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Further Hydro-Electric Power Developments 


in Scotland 


By J. C. BEVERLEY, M.A., A.M.I.Mech.E., A.M.I.E.E., Hydraulic Section, 


THE FIRST MAJOR SCHEME to be put into operation 
by the North of Scotland Hydro-Electric Board— 
the Loch Sloy Power Scheme—was described in 
the June, 1951, issue of this Journal. The Board 
initiated several other schemes in 1943 on which 
construction proceeded at the same time as at 
Loch Sloy. The largest of these other initial 
projects was the Tummel-Garry Scheme which 
included two power stations, one at Clunie on the 
River Tummel where three 20,400 kW 173 ft head 
vertical reaction turbines and alternators were 
installed, and the other at Pitlochry, using the 
same water with additions from the River Garry, 
with two 7,500 kW 50 ft head Kaplan turbines and 
vertical alternators. These two stations were put 
into operation shortly after Loch Sloy. 


Two other hydro-electric stations have been 
commissioned more recently with ‘ English Elec- 
tric’ plant, one at Fasnakyle in Inverness-shire 
and the other in Glen Lussa in Kintyre, and these 
are described in this article. 


The North of Scotland Hydro-Electric Board 
since its formation in 1943 has put into operation 
over 300 MW of hydro-electric plant. This has 
more than doubled the total capacity of hydro- 
electric plant previously installed in Great Britain 
for public supply. 

Site work is also in progress on 11 other Scottish 
hydro-electric power stations which will have a 
total installed capacity of 259 MW, of which 
133 MW will be provided by 7 stations with 
‘ English Electric ’ turbines and alternators. 


Fig. | shows the principal power stations and 
transmission lines in the north of Scotland. 
MULLARDOCH-FASNAKYLE-AFFRIC 
SCHEME 
The next largest hydro-electric station in the 


British Isles after Loch Sloy for the production of 
power for public consumption is now in full 
operation at Fasnakyle in Glen Affric, Inverness- 
shire. This station has three 22,000 kW generating 
sets. 


Previous efforts had been made to obtain 
sanction for the development of the substantial 
water-power potentialities in Glen Affric and in 
the parallel Glen Cannich. A full report was 
prepared in 1928 which proposed carrying out the 
project in four stages with an eventual catchment 
area of 255 square miles and an installed capacity 
of up to 184,500 kW. In these proposals, and in 
others made in 1941, insufficient attention was 
given to local opinion, and since Glen Affric has a 
reputation for exceptional beauty, strong opposition 
was naturally aroused. The proposed scheme 
would have so raised the water level in Glen Affric 
that two lochs would have combined, and sub- 
stantial fluctuation of the level would also have 
occurred. The project was therefore held up. 


The Constructional Scheme for development of 
water-power resources, which was published in 
August, 1946, by the North of Scotland Hydro- 
Electric Board, used this earlier experience to 
arrive at an arrangement acceptable to all interests. 
In particular, the two objectionable features 
which have been mentioned were overcome by 
reducing the maximum reservoir level in Glen 
Affric and limiting the variation by transferring 
the main storage to Glen Cannich ; overground 
pipelines were also avoided. Parliamentary 
sanction was accordingly received, and the esti- 
mated capital expenditure on the complete scheme, 
when published, was £4,800,000. 


As there are several similarities between this 
scheme and that of Loch Sloy, it is proposed 
mainly to describe the features peculiar to Fasnakyle. 
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Fig. 1. Principal electric power stations and transmission lines in the North of Scotland 


— 
» 
(e) @ LOCHALSH 
BCANNICH 
OAT OF 
SOUTH UIST GARTEN 
e 
PERTH 
| 
( 


THE ENGLISH ELECTRIC JOURNAL 


NI 


9 z ‘ ° 


SNASNONY 1804 O1 
NOISSIWSNYEL ANZEI 


NOILWLS W3MOd 
JIAWVYNSV4- 


A1Nv3@ OL S3NIT 
NOISSINSNYEL AN TEI 


NOILVLS W3MOd 


OlLWLS ONIHDLIMS 
JIAWYNSVW4 


HOINNYD 


yowue? u2\9 


SS 
6 
¢ 
- 
w ‘ 
‘ 
2 \ 
2a 
"al 4 4 
2 < 
= 
a 


THE ENGLISH ELECTRIC JOURNAL 


Fig. 3. Upstream side of Mullardoch dam 


Natural Conditions 


The natural catchment area of the River Affric, 
which is shown in Fig. 2, is about 75 square miles 
and much of this is towards the western side of 
Scotland where the rainfall is heavy. The estimated 
annual rainfall over the area was 108 inches so 
that appreciable water quantities were available 
without any extension works. 


The potentialities of the neighbouring Glen 
Cannich, however, had still not been developed, 
and this glen was therefore interconnected with 
Glen Affric, resulting in a combined catchment 
area of 124 square miles and, more important, 
enabling the necessary seasonal storage to be 
provided by raising the level of Loch Mullardoch 
in Glen Cannich. 


Mullardoch Dam 


The dam at the outlet of Loch Mullardoch 
(Fig. 3) is of the mass concrete gravity type, built 
in two connected sections to cut off the two 
branches down which the watercourse runs at that 
point. The two sections are approximately the 


same length with an overall span of 2,385 ft, 
meeting on the island which divides the river. The 
height of the dam above the original loch level is 
120 ft, but it was necessary in places to make deep 
rock excavations which resulted in a maximum 


height of the dam from the base of the foundations 
of 160 ft and a total content of 540,000 tons of 
concrete. The level in the reservoir will vary 
between 817.0 ft and 725.0 ft O.D. 


A spillway 315 ft long with the crest 7 ft below 
the top of the dam is included in each section of 
the dam, and there is a stilling pool at the base of 
each to dissipate excess energy before the water is 
discharged into the river. There is a 72/60 in. 
needle valve with jet disperser in the right-hand 
section of the dam and also a 6 in. hand-operated 
regulating valve to provide compensation water 
down the River Cannich. 

The aggregate and sand for the construction 
of the dam were obtained locally and conveyed to 
the mixing plant at the dam by an aerial ropeway. 
The concrete from the central mixing plant was 
conveyed along the dam on trolleys hauled by diesel 
locomotives on a Bailey bridge constructed along 
the length of the dam on the downstream side. 
The materials were handled into their final position 
by fixed and travelling derricks placed at suitable 
points along the dam. 

While the dam was being built in 1950 it was 
decided to reduce the final height of the right hand 
section by 20 ft. in order to limit the cost of the 
scheme to meet the Government’s cuts in capital 
expenditure. To obtain the maximum economy 
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from this reduction in height, the dam from the 
stage then built until 1951 was also raised with 
reduced thickness. In 1951 however, when the 
financial position had altered, the final dam height 
originally intended was restored. This involved 
thickening the reduced section and then continuing 
| up to the final height, which introduced some 
complicated engineering problems. 


Mullardoch Tunnel 


A tunnel conveys the water from Loch Mullar- 
doch to Loch Benevean in Glen Affric and has 
its intake on the right bank of Loch Mullardoch 
at a point near the dam ; it discharges into Loch 
Benevean about a mile upstream from the dam 
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at the outlet of that loch. The intake is provided 
with a screen and control gates, and there is a gate 
at the outlet of the tunnel to allow it to be emptied 
since it is below the normal operating water level 
of Loch Benevean. As this tunnel does not feed 
any turbines direct, it was not necessary for it 
to be lined except in places where the rock is of 
insufficient strength to withstand the hydraulic 
pressure, but a concrete invert has been laid to 
facilitate work in the tunnel. The tunnel is 17,214 
ft long (about 3} miles) and is of horseshoe 
section with an equivalent diameter of 15 ft 9 in. 
It runs practically straight for its whole length, 
falling slightly along the direction of flow. 


Since the level of Loch Benevean is normally 


Fig. 4. Benevean dam and intake gatehouse 


below that at Loch Mullardoch, the flow of water 
between them must be controlled by operating the 
intake gate to ensure that the level in Loch Benevean 
is kept steady as required by the scheme. 


The power available due to the difference in 
level between the two lochs (which may be up to 
90 ft) will be used at a later date to drive a 2,400 
kW vertical reaction turbine, connected through 
gearing to a horizontal alternator, which will be 
installed in an underground power station at Loch 
Mullardoch. There is a separate intake for the 
turbine and it will discharge into the main tunnel. 
The size of the set will enable it to deal with the 
full flow of water required between the two lochs. 


Benevean Dam 


The dam at the outlet of Loch Benevean (or 
Loch Beinn a Mheadhoin) is of the same type as 
that at Loch Mullardoch, i.e. of the mass concrete 
gravity type, but it is very much smaller. The 
dam crest is at 735 ft O.D., 95 ft above the original 
river level, and the overall length is 516 ft. Almost 
the entire length of the dam is used as a spillway, 
as can be seen from Fig. 4, to limit the maximum 
reservoir level under flood conditions, and retaining 
walls are provided to direct the water into the river. 
As at Mullardoch, there is a needle valve with a 
jet disperser and a regulating valve for compen- 
sation water down the River Affric to give a guaran- 
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teed minimum flow of 15 million gallons per day 
at a point upstream of the power station. 


Benevean-Fasnakyle Tunnel 


The intake tower controlling the water through 
the main tunnel from Loch Benevean to the power 
station at Fasnakyle can be seen in the background 
in Fig. 4 and is located a short distance upstream 
of the dam on the left bank. It contains two 
screens, One with 5} in. clear spaces between bars 
and the other with 24 in. spaces, each with an 
electrically operated rake for the removal of trash. 
The intake gates are arranged as at Loch Sloy. 


The tunnel, which runs parallel to the River 
Affric, is in two parts—a low pressure tunnel and 
a high pressure tunnel. The former is of horseshoe 
section, concrete lined, with an equivalent diameter 
of 14 ft 6 in, and 12,340 ft long. Two adits were 
constructed at right angles to the line of the tunnel 
so that driving could be carried out from four faces 
simultaneously. The maximum rate of progress 
was 132 ft per week. 


The low pressure tunnel terminates at the surge 
shaft which is 150 ft deep and 45 ft diameter. 
The top of the shaft is at the original ground level, 
thus avoiding any structures above ground. 
The diameter and height of the surge shaft are 
sufficient to eliminate the need for any expansion 


Fig. 5. Down- 
stream side of 
Fasnakyle power 
Station, prior to 
stone-facing 
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galleries to cover sudden varia- 
tions in the load on the turbines. 


Two small streams which crossed 
the line of the tunnel were diverted 
into the low pressure tunnel and 
special arrangements were made 
to avoid air being carried in 
with the water. A third stream 
is led into the top of the surge 
shaft. 


From the bottom of the surge 
shaft a vertical tunnel descends 
341 ft to the line of the high 
pressure tunnel which is of cir- 
cular section 14 ft 6 in. diameter 
and lined with concrete with an 
average thickness of 20 in. The 
high pressure tunnel is 4,224 ft 
long and was driven from the 
power station end only. Eight 
hundred feet before the tunnel 


emerges from the hill-side adjacent = 


to the power station (Fig. 5) it Fig. 


divides into three to give an indi- 

vidual feed to each turbine. The 

three tunnels are 8 ft 4in. diameter, steel lined with 
concrete backing, and they are connected to the 
power house by steel pipes embedded in concrete 
which run under the road into the station without 
appearing above ground at any point. This 
arrangement avoided any criticism of exposed pipe 
lines in such a location and also made an appreci- 
able saving in steel, although the total expenditure 
was somewhat greater. 


The site welds between sections of the steel 
lining could not be tested by filling the tunnel and 
raising the pressure since there are no valves at 
the upstream end, and it would not have been 
possible to inspect the outside of the lining for 
leaks without increasing the size of the excavation. 
Adjacent sections were therefore connected by a 
circumferential strap welded over the joint inside 
the lining (or outside where accessible) and 
hydraulic pressure was then applied between the 
strap and the joint through tapped holes in the strap 
which also provides an additional seal. 


Turbine Inlet Valves 
The downstream end of each pipeline is connected 


One of the Straightflow turbine inlet valves 
during assembly at the works 


by an 8 ft 4 in/5 ft 8 in. diameter taper passing 
through the turbine room walls direct on to the tur- 
bine inlet valve which is of the Straightflow type 
developed during the last few years and is the first 
of its type to be installed for commercial service in 
Great Britain. The door of the valve (Fig. 6) is 
roughly a hollow hemisphere, one half of which 
acts as the closing member and the other half is 
bored out to the diameter of the pipe and forms 
the ‘ follower ring.” The valve thus combines the 
merits of the spectacle eye sluice valve (i.e., clean 
cutting through the water without diverting the 
jet) with the advantages of a rotary valve (i.e., 
compact arrangement and small frictional resistance 
to movement). The door of the valve is of cast 
steel, and the body and operating servo-motor are 
fabricated. 


Water leakage through the valve when shut is 
prevented by a rubber seal (Fig. 7) which is forced 
by the pipeline water pressure on to a stainless steel 
surface welded on to the door. 


A. special ‘emergency’ seal is provided up- 
stream of the service seal just mentioned, and 
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Fig. 7. Service and emergency seals on Straightflow turbine inlet valve 


this is forced against the door by screws operating 
through the centre of the main flange bolts. When 
the emergency seal is in position, the service seal 
may be removed for maintenance without dis- 
turbing the valve or emptying the tunnel. As there 
are no means of cutting off the water in the tunnel 
between the intake and the turbine valves, this is 
particularly advantageous. 


The valve is opened and closed by a separate 
hydraulic servo-motor using the pipeline water 
pressure, and a servo-motor operated by-pass 
valve is provided for priming the spiral casing. 
The complete operation of the valve can be carried 
out electrically by remote control from the turbine 
panel or locally from the valve control panel. 


The opening impulse energises a solenoid which 
moves a control valve. This admits water pressure 
to open the by-pass valve and also to operate the 
main valve distributing valve. The distributing 
valve is so arranged that the water pressure is 
either connected from the upstream side of the 
inlet valve to the closing side of the servo-motor, 
or from the downstream side to the opening side 


of the servo-motor. Operation of the distributing 
valve on opening therefore removes the water 
pressure from the valve seals and allows the main 
valve to open as soon as pressure has built up in 
the turbine. The by-pass valve is closed automatic- 
ally as soon as the main valve is fully open. 


The closing impulse trips the control valve so 
that it returns to the shut-down position, which 
causes the distributing valve to transfer the water 
pressure to the closing side of the servo-motor. 
The speed of travel on the final closing movement 
is progressively limited by a travelling control 
screw of the same design as used on the cylindrical 
balanced valves at Loch Sloy. When the valve is 
fully closed, pressure is automatically applied to 
the seals. 


A dismantling ring made up of tapered segments 
is provided between the downstream flange of the 
valve and the turbine inlet flange, so that the valve 
may be removed for maintenance. 


Turbines 
Each of the three branches of the tunnel feeds 
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one vertical shaft reaction turbine through the inlet 
valve previously described. Each turbine is rated 
at 33,000 h.p. when running at 375 r.p.m. under a 
net head of 490 ft, and 34,500 h.p. at 510 ft. The 
constructional details are generally similar to those 
of the Loch Sloy turbines, but because of the lower 
head and somewhat larger physical dimensions the 
spiral casing is fabricated from mild steel plate 
with a cast-steel speed ring, and the runner is a 
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one-piece casting in stainless steel. In order to 
use certain existing designs, the rotation of the 
sets is anti-clockwise when looking downward ; 
this is contrary to the standard of the North of 
Scotland Hydro-Electric Board but the performance 
is, of course, unaffected. The general arrangement 
of the machines in the station is shown in Fig. 8, 
and a section through one of the turbines in Fig. 9. 
The turbine regulating gear is shown in Fig. 10. 
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Fig. 10. Regulating gear and gearbox for one of 


the 33,000 h.p. water turbines 


An independent electrical drive is used for the 
governor head instead of a mechanical drive. A 
separate low-voltage alternator with a permanent- 
magnet rotor mounted on the exciter shaft is pro- 
vided for this purpose, and direct electrical con- 
nections are made to a synchronous motor which 
drives the governor head. This arrangement was 
particularly advantageous at Fasnakyle where the 
turbine floor level is higher above the turbine 
centre-line than at Loch Sloy. 


The turbine is suitable for being driven by the 
alternator without any water in the spiral casing 
when operating as a synchronous condenser. Under 
this condition water is sprayed on the runner 
labyrinth seals to avoid overheating due to windage, 
but no other special steps have to be taken to 


remove water from the turbine 
after closing the inlet valve as the 
normal water level in the tailrace 
is below the turbine runner. 

A small impulse-turbine driven 
standby governor oil pump is pro- 
vided to give oil pressure to any 
machine if the station has to start 
up without any external source of 
electric power. This pump feeds 
into the bus pipe interconnecting 
the three governor oil pressure 
systems, and is provided with an 
automatic valve so that the pump 
starts as soon as the oil pressure 
in the bus pipe falls below normal. 


Alternators 

The alternators (Fig. 11) are of 
the two-bracket type, very similar 
in construction to those at Loch 
Sloy. The rating of each is 22,000 
kW 0.95 p.f. (23,150 kVA) 11 kV 
375 r.p.m., but due to the over- 
load capacity of the turbine at 
higher heads the machine is run 
for long periods at 23,000 kW and 
more ; a maximum output of 
47,400 kW has been obtained on 
commercial load from two sets, 
and a peak station output of 68,400 
kW has been reached. 

No steel support has been pro- 
vided for the stator, the total 
thrust load of over 200 tons and also the machine 
torque being taken on the mass concrete plinth. 


A particularly high flywheel effect of over 
4,000,000 lb-ft” was required in the alternator 
rotor (Fig. 12) due to the long high-pressure 
tunnel. To meet this requirement specially thick 
manganese-bronze pole end plates were provided 
and the rotor diameter was made as large as 
practicable, taking into account the maximum 
runaway speed of 687 r.p.m. (1.8 times normal) 
which it has to withstand. The resulting diameter 
of the rotor plates was too great to permit rail 
transport, and the total weight of the rotor without 
poles was too heavy for road transport. It was 
therefore necessary for the steel plates and shaft 
to be despatched separately and assembled at site. 
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The steel plates were made up into two ‘ cheeses’ 
or packets each containing four plates 6 in thick 
by 10 ft 9 in across flats. 

The arrangement of the bearings and brakes is 
exactly as adopted for Loch Sloy, i.e. the thrust 
bearing and upper guide bearing are of the pivoted 
pad type located in a common sump, the lower 
guide bearing is of the sleeve type, and all are 
supplied with oil from a separate pumping set with 
external cooler. 

More extensive arrangements than in previous 
stations have been made to heat the turbine room 
from the alternator losses. Of the total air quantity 
circulating in the alternator closed 
circuit system, 25 per cent. can be 
released into the station before 
passing through the coolers, by 
passing down ducts in the concrete 
alternator plinth to the inlet valve 
and relief valve pits through con- 
trol louvres and then into the 
station through gratings in the 
floor. Make-up air enters the 
alternator from the turbine room 
through viscous type air filters 
located in the side of the plinth. 
The louvres controlling one of the 
air intakes can be seen in Fig. 11. 
With this system heat equivalent 
to about 180 kW which would 
otherwise be absorbed by the cool- 
ing water is available for station 
heating from each machine when 
operating at full load. 

The water supply for the oil and 
air coolers for each machine is 
obtained from two alternative 
sources ; normally from a cooling- 
water pump which draws its water 
from the turbine runner seal 
leak-off, but, as a standby, from 
the pipeline through a _ reducing 
diaphragm. 


Auxiliary Switchgear and Trans- 
formers 
A unit arrangement of the 
essential auxiliaries has been 
adopted. A 250 kVA 11,000/415 


volt ‘ON’ unit transformer is Fig. \1. 


solidly connected on the H.V. side to the terminals 
of each alternator, and on the L.V. side through 
fuses to a starter board. The starters are of the 
latching type and are normally left closed so that 
the unit auxiliary motors run up automatically 
as the speed and voltage of the alternator increase, 
and shut down with the set. Standby lubricating 
pumps driven by D.C. motors provide oil for the 
bearings when starting and stopping the sets, and 
the common standby governor oil pump provides 
oil pressure for the governors as necessary. 


The common services switchboard (similar to 
that in Fig. 16) is of the ‘Combination’ fuse-switch 


The generating sets from the downstream side 
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the 132 kV switchgear, the relay 
and metering equipment and the 
automatic voltage regulators. All 
control is operated on 50 volts 
D.C. by direct-wire telephone type 
equipment similar to that at Loch 
Sloy. The control boards stand 
out from the walls to give a more 
Open appearance to the control 
room, and each board is framed in 
wood panelling. 


Main Transformers 


The power station is open to the 
public view from all sides and it 
would have been difficult to con- 
ceal an outdoor transformer com- 
pound there and the outgoing 
transmission lines from it. The 
main step-up transformers are 
therefore located at the switching 
station approximately 300 yards 
downstream from the power 
station, where the equipment is 
Fig. 12. An alternator rotor at site less conspicuous. Each alternator 


type with hand-operated isolators 
to select an incoming supply from 
any of the 250 kVA unit trans- 
formers or from a further 250 
kVA transformer connected to the 
local 11 kV distribution system. 
Contactors are also included in 
the isolator cubicles to give auto- 
matic selection of a supply to the 
station lighting circuits from any 
one of the four 250 kVA trans- 
formers, which are housed in 
cells under the power station 
dismantling bay (Fig. 13). 


Control Room 


The central control room (Fig. 
14) is at the south end of the 
power station, overlooking the 
turbine room. It contains the 
main control desk for the three 
machines, the control board for Fig. 13. Two of the 250 kVA unit transformers in their cells 
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Fig. 14. The control 
room at Fasnakyle 


is solidly connected to its step-up transformer by 
means of three 0.6 sq. in. single core P.I.L.C. 
cables per phase, which are run underground to the 
switching station. These cables terminate on a 
cable gantry and the final connections to the 
11 kV transformer bushings are made by copper 
strip. 

Each transformer is a three-phase unit (Fig. 15) 
rated at 23,158 kVA with a normal ratio of 
11/132 kV, and the H.V. winding has tappings to 
give 0 to + 15% in 10 steps for the addition of on- 
load tap changing gear at a later date. A separate 
compartment on the transformer tank is provided 
with bolted links for changing the ratio manually 
if required. 

Since the transformers are not at the power 
station, water for cooling is not readily available, 
and forced oil circulation with forced air cooling 
has been adopted. The coolers, which can be seen 
in front of the transformer in Fig. 15, are duplicated 
for each transformer, each cooler being capable of 
dealing with the full-load losses of the transforiner. 
The oil pump and fan motors on one cooler are 
supplied from a 150 kVA unit transformer solidly 


connected to the main 11 kV cables, and the motors 
for the other cooler are supplied from the common 
services switchboard (Fig. 16). The second cooler 
acts as a standby and comes into operation 
automatically on failure of either the air or oil flow 
on the main cooler. 


Main Switchgear 


The 132 kV switching station (Fig. 17) is of the 
single busbar, single section type, the busbars and 
isolators being supported from reinforced concrete 
structures. There is sufficient room in the switching 
station enclosure for extension to a double busbar 
layout in the future. There are 5 circuits, three 
controlling the generator transformers and two the 
outgoing feeders. Initially both feeders are 
connected by means of a double-circuit line to the 
Beauly switching station near Inverness, which is 
an important link between the hydro-electric 
stations north of the Caledonian Canal and the 
load centres in the east of Scotland. A 132 kV 
double-circuit line has also been constructed 
between Fasnakyle and Fort Augustus for the 
Garry-Moriston Scheme, where site works are in 
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progress. This line is at present 
being used for constructional 
supplies at 33 kV, and temporary 
equipment is provided at Fasnakyle 
to supply the power at this voltage 
from the 132 kV Beauly feeders. 
Ultimately the 33 kV equipment 
will be disconnected, and one of 
the 132 kV lines to Beauly will be 
reconnected to provide a direct link 
between Beauly and Fort Augustus 
without passing through Fasnakyle 
switching station. The original 
Fasnakyle-Beauly feeder circuit 
thus freed will then be transferred 
to the other Fort Augustus line. 


The 132 kV oil circuit-breakers 
are of the same type as those in- 
stalled at Loch Sloy and elsewhere 
in Scotland, with high-speed pneu- 
matic closing mechanism and a 
breaking capacity of 1,500 MVA. 
An innovation at Fasnakyle is the 


Fig. 15. One of the 23,158 kVA 
11/132 kV generator transformers, 
with coolers in front 
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use of a tapping point on the 
breaker condenser bushing to give 
a low-voltage supply for synchron- 
isingand instruments. The bushing 
acts as a Capacity-type potential 
divider and the tapping is at a 
point where the voltage is about 
6kV toearth. This voltage is further 
reduced by a special tuned voltage- 
transformer giving the low-voltage 
supply required for the instru- 
ments. This arrangement makes 
it possible to dispense with costly 
wound-type 132 kV voltage-trans- 
formers. 


Fig. 16. LW. A.C. switchboard 


for common and essential services 


at the switching station 
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The two feeders are provided 
with Telephase protection using 
carrier-current equipment which is 
also used for telephone communi- 
cation with other control points 
over the 132 kV transmission lines. 
The generator circuits have overall 
Translay protection which covers 
the machine, interconnecting 
cables, step-up transformer and 
circuit-breaker. A simple form of 
bus-zone protection is provided 
for the busbars, and this overlaps 
with the Telephase and Translay 
protection. 

The 132 kV isolators and earth- 
ing switches are manually operated, 
with remote position indication in 
the control room. 


Transport 

The turbines and alternators 
were manufactured in Glasgow, 
which is 195 miles from the site, 
and the route involves crossing the 
Grampian Mountains. The trans- 
formers and switchgear were manu- 
factured at Stafford, involving a 
greater distance for transport. 
The nearest railway station to the 
site is at Beauly, 20 miles from 
the power station, and it was 
therefore more convenient to 
transport the bulk of the material by road through- 
out to avoid double handling. The road from 
Beauly to the site provided several obstacles to the 
transport of heavy plant, the most serious being 
the bridge over the River Cannich, 1? miles from 
the power station. The existing bridge is a 90-ft 
long single-span cast iron structure with a classifica- 
tion of 24 during the last war, but when the 
possibility of strengthening the bridge was being 
investigated the maximum allowable load was 
reduced to 10 tons. The heaviest indivisible load 
to be carried was the transformer which with its 
transporter weighed about 90 tons. 


As no feasible alternative route to the power 
station existed, a temporary Bailey bridge with a 
carrying capacity of 110 tons was built in collabor- 


Fig. 17. The 132 kV switching station at Fasnakyle 


ation with the Army. This bridge can be seen 
beside the old bridge in Fig. 18. 

The turbine spiral casings although not excep- 
tionally heavy were awkward loads ; the first was 
delivered in two halves and welded together at 
site. It was found, however, that it would be 
possible to transport the spiral casing in one piece 
up to Cannich Bridge, but there the width of the 
bridge was insufficient to permit the load to pass 
when lying flat on the lorry. The second and third 
spiral casings were therefore completely welded in 
the Works and transported horizontally to Cannich 
where they were tilted at an angle so as to pass over 
the bridge and into the power station. 

Much of the transport took place in the winter 
of 1950-51 and very severe weather conditions 
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were experienced. The three transformers had 
been sent by rail from Stafford to Beauly and one 
had been positioned at site before the bad weather 
set in. The second had been loaded on the road 
transporter when the roads froze and prevented it 
from reaching the site for four months. 

The rotor cheeses for the second machine which 
were transported by road from Glasgow were held 
up on three occasions by snow drifts and on one 
occasion they were completely snowed up. The 
journey of 195 miles eventually took 5 weeks 
instead of 3 or 4 days. 


Despite these difficulties the first generating set 
was placed on load on 7th July 1951, the second 
on 16th October 1951, and the third on 23rd 
January 1952. During the part of 1951 when the 
sets were operating, with only the Loch Benevean 
catchment available for most of the time, 57.7 
million units were generated, and during the first 
six months of 1952 the figure was 112 million. The 
estimated annual output is 200 million units, 
which is the highest for any hydro-electric station 
in the British Isles. 


LUSSA POWER STATION 
Another hydro-electric station commissioned 
recently with ‘English Electric’ water turbines 
and alternators is at Lussa, 5 miles north of 
Campbeltown in the Kintyre peninsula. This 
station is very different from that at Fasnakyle, 
being small and designed primarily for feeding the 


local distribution system in Kintyre in conjunction 
with diesel plant installed at Campbeltown, but 
there is also an interconnection with the main 
distribution system of the North of Scotland 
Hydro-Electric Board at Inveraray. 


The power station contains two 1,780 h.p. 
335 ft head horizontal reaction turbines driving 
1,000 kW 1,000 r.p.m. 11 kV alternators with a 
25% overload capacity for 2 hours. 


The turbines are supplied through a tunnel and 
pipelines from a new reservoir with a catchment 
area of 12 square miles formed by an arch dam 
40 ft high and 130 ft long, which can be seen in 
Fig. 19. The tunnel is circular in section and 
connects to a low pressure pipeline 2,248 yards 
long and 60 inches diameter. At the downstream 
end of this pipeline there is a surge connection, 
also 60 in. diameter with a local increase to 84 in., 
which limits pressure variations in the pipeline 
during load changes and also collects the water 
from a small side stream. The high pressure 
pipeline which continues from this junction to the 
power station is 48 inches diameter and 1,176 yards 
long. 

At a point immediately upstream of the power 
station the 48 in. pipeline divides into two 33 in. 
diameter branches to feed each turbine through a 
hydraulically operated Glenfield sluice valve. Each 
valve is provided with a hydraulically operated 
by-pass valve to permit priming of the spiral 


Fig. 18. Temporary Bailey 
bridge beside the old bridge 


over the River Cannich 
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Fig. 19. Lussa dam 


casing and balancing the pressure across the sluice 
valve before it is opened. 

The turbine runner is overhung from the 
alternator shaft and there is therefore no inter- 
mediate turbine bearing. The spiral casing is of 
cast iron in two halves bolted together to permit 
removal of the runner if necessary. The regulating 
gear, consisting of the regulating ring and guide 
vane levers, is on the alternator side of the turbine 
with the draft tube on the opposite side. The relief 
valve is mechanically operated from the governor 
and is connected to the inlet pipe, discharging into 
the draft tube pit. The governor actuator and the 
governor oil pump are both belt-driven from the 
alternator shaft. 

The set is suitable for starting and stopping 
from a remote point, and since the governor oil 
pump is belt driven and there is no oil pressure 
reservoir, the turbine guide vanes are opened by a 
water-pressure Operated servo-motor acting on the 
regulating ring. The servo-motor opens the gates 
sufficiently to allow the turbine to run up to speed, 
when the oil pressure builds up, the governor 
takes control and the servo-motor is cut off. The 
water pressure to the servo-motor is controlled by 
a solenoid operated pilot valve. 

The 1,000 kW 11 kV 0.85 p.f. alternator is of the 
two pedestal bearing type on a bedplate, with open- 
circuit ventilation, the bearings being flood lubri- 
cated through a pressure reducing valve from the 


governor oil system. Due to the high voltage for 
the comparatively small output, a hairpin type 
winding is used instead of the basket type. The 
rotor and shaft is a one-piece forging with the 6 
poles fixed by fitted dovetails. A 102 in. thick, 
60 in. diameter steel-plate flywheel is shrunk on 
the shaft to give the large flywheel effect needed 
for the arduous pipeline conditions. A _ single 
two-endshield-bearing type exciter is provided for 
each set, direct-coupled to the alternator, and an 
overspeed device is fitted on the free end. 


The two alternators are connected to Il kV 
switchgear (not of * English Electric * manufacture) 
from which the power is transmitted at 11 kV to 
Campbeltown. 


The sets can run unattended, and shut down 
automatically in the event of a fault. Provision is 
also made for complete remote control from 
Campbeltown, under which the sequence of 
operations on starting up would be as follows :— 

1. The starting impulse from the remote point 

closes a master contactor which initiates— 
(a) Opening of turbine inlet valve by-pass. 
(b) Preparation for opening of turbine 
inlet valve. 
(c) Starting of excessive starting time 
protective relay. 

2. The by-pass valve and then the main inlet 

valve open, filling the spiral casing. 
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3. When the main valve is fully open an auxiliary 
contact on it energises a solenoid which 
causes the starting servo-motor to open the 
turbine gates. 


4. The turbine starts and the governor oil 
pressure and bearing lubrication are built up. 


5. The turbine governor takes control and the 
starting servo-motor is de-energised. 


6. The automatic synchronising equipment is 
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brought into operation and the main circuit- 
breaker is closed. 


7. The voltage and load are adjusted by the 
automatic voltage regulator and the governor 
speeder-motor. 


A set is shut down by reducing the load until the 
turbine gates are fully closed. The main circuit- 
breaker is then tripped and the master contactor 
opened, which closes the turbine inlet valve and 
causes the set to stop. 


HEATER MAT 


WATER SPRAY 
RAKE UNDER.TEST 


SLIDE CARRIER 
TUBE 


ADJUSTABLE PRESSURE- 
REDUCING VALVE 


LAUNCHING AIR 
PRESSURE GAUGE 


ADAPTED NEWMAN -SINCLAIR 
CAMERA 


PNEUMATIC ON/OFF COCK 
FOR CONTROLLING SLIDE 
CARRIER 


|CEBOX FOR STORING 


OILED SLIDES 


Fig.1. The Napier cloud droplet sampling apparatus installed in a Vickers Viking flight research aircraft. 
The sampling device is shown with the slide carrier tube raised and the catch aperture positioned in the 
droplet stream immediately forward of the heater mat 
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The Napier Cloud Droplet Sampling Apparatus 


SINCE THE LAST WAR, the volume of research into 
the problem of ice accretion on aircraft has done 
much to widen understanding of this serious 
flying hazard. Thus it is now generally known 
that the ice originates as supercooled water drop- 
lets suspended in the atmosphere at ambient 
temperatures of 0°C. or below, commonly occurring 
as cloud at various altitudes : when an aircraft 
flies through such conditions, a proportion of the 
droplets in the path of the aircraft impinge on the 
forward-facing surfaces where freezing occurs 
and the latent heat of fusion is released. Further 
research has shown that, apart from aircraft speed 
and surface shape, the main factors governing the 
amount and distribution of ice accretion are the 
ambient temperature, the moisture concentration, 
and the droplet size. 


In the flight testing and development of ice- 
protection systems for aircraft, one of the principal 
difficulties encountered is that of finding natural 
icing conditions, of a more or less regular severity, 
through which to fly the research aircraft and thus 
produce the required accretion on a test surface 
from which the ice is to be dispersed. Because 
of this it has been found more profitable not to 
seek natural conditions but instead, to fly in clear 
air at temperatures below 0°C. while spraying the 
test surface from a water spray rake fitted on the 
aircraft. 


Test results obtained by this means are of little 
value, however, unless it can be proved that the 
simulated conditions are closely related to the 
natural conditions that would give the severity of 
ice accretion specified for test purposes,, and it is 
therefore necessary to know the ambient temper- 
ature, water concentration and droplet size existing 
in the simulated conditions. While the first two 
of these values are easily read or calculated, and 
can be to some extent controlled, to enable the 
droplet size to be measured it is necessary to provide 
some means of taking samples from the droplet 
stream. 


While recently flight-testing various methods of 
ice protection for aircraft, using icing conditions 
simulated by water spray, D. Napier & Son were 
faced with the necessity of ascertaining the water 
droplet size during flight. From experience gained 
in the subsequent research into this problem, 
Napier engineers evolved a simple and effective 
apparatus by which droplets in the spray stream 
are caught on oiled glass slides and photographed 
aboard the research aircraft at a magnification of 
20 diameters. After the research flight is completed, 
the photographic negatives thus obtained are 
projected at a further magnification on to a screen 
in a ground laboratory, where the water droplets 
are shown suspended in oil, and the required 
information is obtained by counting and classifying 
the droplets into size categories. From the clear 
and easily interpretable results obtained from 
samples taken in simulated icing conditions, much 
valuable information has been gained of the 
influence that various factors have upon the drop- 
let size in the spray stream. Samples have also 
been taken from natural icing cloud, with marked 
success. 


Airborne Installation 


Briefly, the airborne installation (Fig. 1) consists 
of three independent components: an icebox in 
which the oiled slides prepared for exposure are 
stored, a sampling device for exposing the slides 
to the droplet stream for a controlled period, and 
an adapted Newman-Sinclair camera fitted with a 
macro lens. The apparatus is at present installed 
in a Vickers Viking aircraft having the fin leading 
edge modified to take an experimental ice-protec- 
tion heater mat upon which water is sprayed from 
a group of nozzles on a rake further forward on the 
fuselage. As the samples are required to be taken 
from as near the test surface as possible, all the 
components of the apparatus are installed at an 
observer’s station right aft of the passenger com- 
partment, where all the sampling and photographic 
operations are carried out. 
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Preparing and Storing the Oiled Slides 


The oiled slides are carefully prepared and stored 
to minimise photographic difficulties, to produce 
clearly defined droplet images, and to ensure the 
best possible slide condition for sampling. The 
slide face on which the sample is caught is coated 
with a film of Shell Spirax 250 EP oil of Canadian 
manufacture ; this oil has properties best suited 
to catching and retaining droplets at the sampling 
temperature and, equally important, it has been 
found to retard the reduction of droplet size due 
to evaporation. In applying the oil to the slide it 
is necessary to attain a thickness of film that is 
sufficient to catch and hold droplets without 


Fig. 2. Loading an oiled slide into the slide carrier, prior to taking a 
sample. The ice box, with trays of prepared slides, is on the left 


distorting them, yet not too dense for satisfactory 
photography ; the correct film thickness is obtained 
by applying a measured volume of oil to a specific 
area of the slide face. To give the droplet images a 
characteristic appearance and enable them to be 
distinguished from dust particles caught during 
exposure, the dry face of the slide is frosted. 
When the slide is illuminated and photographed, 
the diffusion of light by this frosted background 
causes each droplet image to appear with an 
unmistakable highlight and a contrasting outline. 


Because the oil film takes and holds samples 
most efficiently at approximately 0°C., the slides 
are stored at this temperature in a dustproof icebox 
at the observer's position. Control 
of the storage temperature is im- 
portant ; any appreciable rise 
causes the oil to run and destroy 
the even depth of film, and any 
decrease below 0°C. may render 
the samples useless by causing the 
droplets to freeze on impact and 
form ice crystals. At the low 
storage temperature necessary, the 
increased risk of superfluous drop- 
lets forming in the oil film due to 
condensation while the slide is ex- 
posed to the cabin atmosphere had 
been anticipated early in the dev- 
elopment of the apparatus. How- 
ever, in practice it has been found 
that when the aircraft is flying 
through the low ambient temp- 
eratures associated with either 
natural simulated icing 
conditions, the cabin temperature 
is almost always sufficiently near 
the slide temperature to prevent 
condensation. 


Taking Droplet Samples 


The period for which each slide 
is exposed to the droplet stream is 
a critical part of the sampling 
process and depends upon the 
moisture concentration which, in 
simulated icing conditions, also 
depends upon the water flow-rate 
and the aircraft speed. Under- 
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exposure results in collecting 
insufficient droplets to ensure 
accurate assessment of droplet size 
and spray composition, and over- 
exposure causes too many to be 
caught with the result that 
adjacent droplets coalesce, causing 
an exaggeration in the subsequent 
calculations. 


To limit the exposure of each 
slide to a certain maximum, and 
to avoid errors due to over- 
exposure, the apparatus includes a 
simple pneumatic sampling device. 
This embodies a slide carrier 
(Fig. 2), in the form of an air- 
operated piston, by which single 
slides are moved past an aperture 
in a tube that is raised by the 
observer to project into the droplet 
stream, and the mechanism is 
designed to ensure that while the 
aperture is exposed, the slide 
passes it once only. 


In the Viking installation illus- 

trated in Figs. 1, 2 and 3, the device is installed at 
the observer’s station and is arranged to take 
samples from the droplet stream impinging on the 
experimental heater mat on the fin leading edge. 
The pneumatic supply for controlling the speed of 
the slide carrier is taken from the aircraft system 
through an adjustable pressure-reducing valve and 
an on/off cock on the observer’s desk. 


Photographing Samples 


Immediately a sample is obtained by the sampling 
device, the slide is transferred to the adapted 
Newman-Sinclair camera (Fig. 3) by which areas of 
approximately | sq. mm. are magnified and-photo- 
graphed on 35 mm. film. To obtain representative 
views of each sample, areas at three or four points 
are photographed before evaporation occurs, and 
the camera installation is therefore designed to faci- 
litate rapid sample appraisement and focusing 
adjustment, in addition to its main purpose of pro- 
ducing clear and interpretable macro-photographs. 
To attain these requirements the slide is mounted in 


& 
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Fig. 3. The camera installation, with the mechanical stage beneath 
the taking lens extension on the left. The depth of camera mounting 
is necessary to accommodate the lighting system 


a mechanical stage that enables any part of the 
sample to be quickly brought into camera view, 
and ihe image magnification of 20 diameters 
is produced by a taking lens extension, built by 
Newman & Sinclair Ltd. to a Napier specification, 
embodying a retractable visual focusing device 
and a 12 mm. Cooke macro lens. A modified 
microscope lighting system in the camera mounting 
illuminates the slide, and, as each frame is exposed, 
an identification number is projected with the 
image by a built-in numerical counter. 


Photographic prints of samples, as such, are 
generally not used in the subsequent measurement 
and calculations, but the illustrations in Figs. 4 
and 5, each representing approximately 0.125 sq. 
mm. of sample area, show the general photographic 
quality of results achieved with this airborne 
apparatus. The clearly globular appearance by 
which doubtful images are identified as droplets or 
otherwise is well illustrated, together with the 
clear definition necessary for measurement. 
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Droplet Counting and Measurement 


When satisfactory samples and negatives are 
obtained, droplet counting and measurement 
becomes a relatively simple operation that requires 
no great skill, and the ensuing calculations conclude 
with the construction of a curve from which the 
required information is obtained. 


After completing the research flight the film is 
processed and the negatives of the relevant views 
of the samples to be investigated are then projected 
one at a time on to a translucent gridded screen in 
a darkened room, and at a magnification of approx- 
imately 250 times actual size. The subsequent physical 
measurement of the droplet images on the screen 
is not however made against a fixed scale attached 
to the screen or handled in the laboratory, as this 
would not take account of slight inconsistencies of 
magnification in photography or _ projection. 
Instead, before commencing to measure the images, 
the negative of a 10-micron scale photographed in 
the airborne camera installation on the same film 
as the samples, is projected and compared with 
the grid on the screen. The difference between 
the scale and the grid is noted, and a correction 
factor produced to enable each droplet diameter 


to be read as it appears in relation to the grid lines. 


Counting then proceeds until all identifiable 
droplets on the relevant views have been considered ; 
to prevent counting any droplet twice, the images 
are progressively struck out on a transparent screen 
overlay as the data is tabulated. Because the 
image diameters are read just as they appear in 
relation to the grid lines, and without repositioning 
the grid to suit each droplet, the diameters of 
samples taken from simulated conditions are 
categorised into 5-micron bands, and those from 
natural cloud into 2.5-micron bands. This degree 
of accuracy is considered to give representative 
results and to be compatible with a reasonable 
working speed at the magnification used. 


Obtaining the Droplet Volume Median 


Before describing the method by which this 
value is derived from the tabulated data obtained 
from a sample, some explanation may be necessary 
to the appreciation of its origin and significance. 

The essential feature of droplet size that affects 
the amount and distribution of ice on aircraft is 
the droplet weight, which is proportional to the 
volume. However, as the droplet size is not 


Fig. 4. Part of a droplet sample taken from the 
water spray stream and photographed by the 
Napier apparatus. The count for this sample gave 
a droplet volume median in the order of 20 microns 


Fig. 5. A sample taken in strato-cumulus cloud 

at 8,750 ft. and an ambient air temperature of 

— 3°C., which gave an unusually small volume median 
of 11.26 microns 
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Fig. 6. Typical curve of droplet size and total 
weight percentage, from which the droplet volume 
median is derived 


uniform throughout any cloud it is necessary to 
establish an expression of droplet volume in terms 
relevant to the icing severity produced by the 
particular droplet-size composition of the cloud. 
The relevant expression is not an average volume 
but a median volume which is stated in units of 
droplet diameter at which, for the sample concerned, 
the total volume of droplets of smaller diameter is 
equal to the total volume of droplets of larger 
diameter. 


This value, known as the droplet volume median, 
is usually given when natural icing conditions are 
specified in meteorological data, and it is deter- 
mined from a sample by constructing a curve 
from the information collected at the droplet 
count. The curve (Fig. 6) is plotted to co-ordinates 
of nominal droplet size (microns in diameter) and 
aggregate percentage of the total weight of droplets 
counted ; the droplet volume median is then 


determined by reading off the nominal droplet 
size at the position on the curve corresponding to 
50% by weight of total. 


In practice it has been found that even under the 
most stringent control of slide exposure time, a 
small amount of coalescence is unavoidable, and 
it is therefore necessary to correct the calculated 
droplet-volume median. This coalescence correc- 
tion factor, determined experimentally from wind- 
tunnel tests, reduces the droplet volume median by 
1% for every 1% of slide area covered, up to a 
limiting coverage of 10%. 


Conclusion 


Now that the apparatus has proved eminently 
satisfactory in monitoring the water droplet size 
produced in simulated icing conditions, it is possible 
to commence the next and logical phase of its 
application. This is to use the apparatus to 
determine the variation in droplet size arising from 
changes in ambient temperature, altitude, aircraft 
speed, and air and water flows through a spray 
nozzle specially evolved by Napier technicians for 
simulating cloud conditions. The encouraging 
practical results so far achieved have enabled a 
good start to be made on this research, although 
the full programme will involve a great deal of 
repetitive sampling and assessment before reliable 
criteria are finally established. Thus it may 
eventually become possible to dispose of the need 
for any form of droplet sampling apparatus in 
this type of research. Instead, the volume median 
and distribution given by a particular type of 
nozzle may be regulated by varying the influencing 
factors of speed and so on, according to the con- 
clusions drawn from the information now being 
compiled. 


Looking further ahead still, there is every 
possibility of developing and improving the 
sampling apparatus to the point where it could 
become a meteorological instrument invaluable 
in research into the formation and nature of 
atmospheric vapours, clouds and fog. 
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IT IS WELL KNOWN that when an induction motor 
either of the slipring or squirrel-cage type is driven 
above synchronous speed it operates as an induc- 
tion generator, and that its characteristics as such 
regarding efficiency, power factor, slip and overload 
are similar to those of the induction motor. There 
are, however, certain operational features depending 
upon the nature of the drive which require investiga- 
tion. 


The slip as a decimal for either an induction 
motor or induction generator is defined as 
Slip = Rotor copper loss 
Power crossing the air gap 


For an induction motor, the slip is considered 
positive and is written 


le 
Vi Vi Vi 
f 
Ih 
I2 
Im 
] 
E’ E’ 
Ie (4) (6) (c) 
Fig. la. Induction motor on load—slip positive 
Fig. 1b. Induction motor on no-load 
Fig. 1c. Inductioa generator on load—slip negative 
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The Induction Generator 


By N. C. ADCOCK, A.M.I.E.E., Chief Engineer’s Department, Development Section. 


Slip (positive) = 
Rotor copper loss 
Output + (bearing friction + windage) ; 
+ rotor copper loss 
A typical vector diagram for an induction motor 
on load is shown in Fig. la, in which V, is the 
stator terminal voltage per phase, and E’ is the 
stator induced back e.m.f. In this condition the 
speed is less than synchronous speed, the stator 
rotating magnetic field cuts the rotor conductors, 
a voltage is induced in the short-circuited rotor 
and a rotor current flows. At any load the stator 
current I, is made up of two components ; the 
magnetising current IM, and I’, a component of 
rotor current to balance the ampere-turns on the 
rotor. 


The input to the stator from the 
supply system may also be resolved 
into two components ; the power 
component which supplies the losses 
of the machine and gives electrical 
energy to the rotor which is converted 
into mechanical power, and a watt- 
less component to magnetise the 
motor. 


At no load (Fig. 1b) the speed is 
very close to synchronism so that 
there is negligible .otor voltage and 

¢ rotor current, the stator current 
being approximately equal to the 
magnetising current of the machine. 
The only power input is that necess- 
ary to provide the no-load losses. 
The reactive component, which at no 
load is a minimum for either the 
motor or generator, is that required 
to provide the magnetisation or 
excitation of the machine. 


Im 


Ii 


If the machine is now driven by a 
prime mover at synchronous speed, 


28 
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no power is given to or taken from 
the supply system. The wattless or 
reactive component drawn from the 
supply, however, remains constant 
in magnitude and direction. 


When the prime mover drives the 
machine above synchronous speed 
the rotor is rotating faster than the 


SHORT CIRCUIT 
POINT 


stator magnetic field and the slip is 
considered as negative ; the voltage 
induced in the short-circuited rotor 
will be in the opposite sense and 
the rotor current will reverse. This 
is shown in Fig. Ic. Since the stator PEO 
current I, is made up of IM which is 
constant in magnitude and direction, 
and I’, which has now reversed, the 
stator current will also be reversed Fig. 
and will be outflowing from the 

machine to the supply system. 


The mechanical power input to the rotor is 
converted into electrical energy and provides the 
losses in the machine and power to the stator 
which will flow out to the supply system, the 
machine operating as an induction generator. The 
wattless or reactive component increases in 
magnitude but is in the same direction, showing 
that this must still be provided by the supply 
system. Herein lies the principal disadvantage of 
the induction machine. It cannot operate as an 
induction generator unless it is connected to a 
system which can provide the excitation or reactive 
component required under all load conditions. 


From the foregoing the slip of the induction 
generator becomes 
Slip (negative) = 
Rotor copper loss 
Total input—(bearing friction +-windage) 
rotor copper loss 
which can be written 


Slip (negative) = 
Rotor copper loss 


Output loss-+-stator copper loss 


Since both the stator current I, and the compo- 
nent of rotor current I’, reverse, and the stator 
current I, follows the are of a circle as its locus, an 


5 


Circle diagram of induction machine, 
showing generator quantities 


extension of the induction-motor circle diagram 
can be used to determine the complete character- 
istics of the induction generator. Fig. 2 shows the 
circle diagram, all values being in stator terms and 
reduced to per-phase quantities. 


In this diagram INL = No-load current 


No-load loss in watts 
and low = 
m 


where m = number of phases and V, = stator 
volts per phase. For any value of generator 
Output in watts 
output, lw = P 
This determines point T, and the corresponding 
stator and rotor current values are obtained. 


The stator and rotor winding resistances being 
known, the stator and rotor copper losses can be 
found. Adding the iron loss and stator copper 
loss to the assumed output gives the power across 
the air gap, and the slip for this load point may be 
determined by using the equations given. Adding 
the bearing friction and windage loss and the 
rotor copper loss to the power across the air gap 
gives the input to the generator. Hence the 
efficiency may be found. 

Comparisons of the performance of an induction 
machine when operating as a motor and as a 
generator are given in Figs. 3 and 4. These curves 
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Fig. 3. 


show that while the characteristics 
of a large induction machine re- 
garding efficiency, power factor, 
stator current and slip are almost 
identical, the maximum induction 
generator torque is appreciably 
higher than the maximum induc- 
tion motor torque. 


The addition of an induction 
generator to an existing system 
supplied by synchronous machines 
makes the power factor of the 
synchronous machines more lagg- 
ing. This may be said to be due 
to the reduction in the generated 
power of the synchronous mach- 
ines by the amount of power 
added to the system by the 


Comparison of performance of an induction 
machine operating as a motor and as a generator 


PERCENT. OF 
ie) 20 40 60 


induction generator, while the re- 
active component of the synchronous 
machines is increased by the amount 
necessary to excite and supply the 
magnetisation required by the induc- 
tion generator. Since for a given 
induction generator load the power 
and reactive components are fixed, 
the induction generator will operate 
at a definite power factor irrespective 
of the system characteristics. If the 
existing system has transmission lines 
with an appreciable line capacity, 
then the addition of the induction 
generator is advantageous in offset- 
ting the effect of this. 


With the increasing development 
of hydro-electric power in Great 
Britain there is a field for the induc- 
tion generator where a small hydro- 
electric station can contribute power 
to a system containing larger hydro- 
electric stations which provide the 
reactive component required by the 
induction generator, and also control 
the system. Such small stations 


Fig. 4. Comparative torque-speed curves for an induc- 
tion machine operating as a motor and as a generator 
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lead to considerable simplification since the excita- 
tion, regulation and basic control of the generators 
is inherently transferred to the main stations, 
thus facilitating automatic or remote controlled 
operation. 


The English Electric Company has in course of 
construction a dual purpose induction machine for 
the North of Scotland Hydro-Electric Board which 
is to operate at Sron Mor, a small hydro-electric 
station remotely controlled from Clachan power 
station about four miles away. The Sron Mor set 
will comprise a water turbine, the induction 
machine and a pump ; the general arrangement is 
shown in Fig. 5. 

The synchronous speed of the set is 300 r.p.m. 
and the machine will be connected to an 11 kV 
3-phase 50 cycles system. When operating as an 
induction generator it is to develop 5,000 kW at 
—1% slip, and when required it is to operate as an 
induction motor developing 6,500 h.p. and driving 
the pump for returning water from the low level 
to the high level at off-peak load periods. 


The set will be started by admitting water to the 
turbine, and when the speed is within about —5 °; 
of the synchronous speed the induction machine 
will be switched on to the system and the turbine 
gates operated to give full load. This method of 
starting large induction generators results in the 
minimum system disturbance ; an oscillogram is 
reproduced in Fig. 6 showing the transient con- 
ditions when an induction machine is switched on 
to the system in this manner. 


When the induction generator is small in relation 
to the system, such a transient will cause little 


LOAD STATOR CURRENT 
ese 45 AMPS. (R MS) 


Fig. 6. Oscillogram of switching test on 300 h.p. 
3,000 r.p.m. 3,300-vo/lt 3-phase 50 cycles squirrel- 
cage induction motor at synchronous speed 
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Fig. 7. Torque-speed characteristics of large induc- 
tion generator with constant terminal voltage, and 
of associated turbine 


system disturbance, but on a relatively small 
system it may be necessary to insert a reactor 
between the induction generator and the line. 


In Fig. 7 the induction generator torque-speed 
curve is shown at constant terminal voltage, and a 
typical water turbine torque-speed curve is added. 
Point T represents the full-load point of the 
induction generator and is at the intersection of 
the generator and turbine torque-speed curves at 
1% slip above synchronous speed. Since the 
induction generator excitation is obtained from 
the supply system, an interruption in, or complete 
loss of, the supply will remove the load and permit 
the turbine to overspeed. If no overspeed device 
is fitted the turbine will accelerate to its maximum 
overspeed, 90° above synchronism in this case, at 
which point the turbine torque-speed curve reaches 
a torque value equal to the friction and windage 
loss of the set, and the set will continue to run at 
this speed. With the restoration of supply and 
voltage to the induction generator, the generator 
torque, being in excess of the turbine torque at all 
speeds above 101°, will cause the turbine speed 
to fall rapidly until the generator and turbine 
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torques again balance at 101% synchronous speed, 
when stable conditions are restored. 


As already mentioned, the foregoing is the case 
for constant voltage at the induction generator 
terminals. Fig. 8 shows a typical generator 
torque-speed curve which may apply when the 
terminal voltage is reduced. In this the concave 
portion of the generator torque curve cuts the 
turbine torque curve at points T, T, and T,. 
Point T is the normal full-load position. Point T, 
represents an unstable condition when the speed 
must either decrease to point T or increase to 
point T, which represents a second stable operating 
condition. 


PERCENT OF SYNCHRONOUS SPEED 


ae? 100 120 140 16 180 200 
160 


PERCENT OF FULL LOAD TORQUE 


80 | 
60 | 
40 
20 |__| 
| 


Fig. 8. Torque-speed characteristics of large 
induction generator with reduced terminal voltage, 
and of associated turbine 


A loss of supply under the conditions shown in 
Fig. 8 would permit the turbine to accelerate to its 
maximum overspeed value of 90°, above synchro- 
nous speed. Restoration of supply would not, 
however, bring the speed back to point T but only 
to T,, where the set would continue to run giving 
a very low generator output, absorbing a very large 
current in the generator and drawing a large reactive 


kVA from the system. To return the set to normal 
full-load conditions it would be necessary partially 
to close the turbine gate, thus reducing the water to 
the turbine sufficiently to bring the turbine torque 
characteristic below that of the generator torque, 
when the speed would fall to near synchronism, 
depending upon the gate position. The speed of the 
set would never fall to zero even if the turbine gate 
were completely closed, since below synchronism 
the induction machine would operate as an induction 
motor holding the speed at the induction motor 
no-load value. 


This operational feature resulting from reduced 
voltage (other than of momentary duration) can 
be avoided by the use of an overspeed device 
arranged to function at a speed well removed from 
the normal full-load speed of the set, say 20° to 
30°, above, the latter figure being used for the 
Sron Mor set, but the actual figure is not of great 
importance since the action of the overspeed 
device automatically brings the turbine to rest. 
There is always a further slight increase in speed 
after the operation of the overspeed device before 
the turbine gate begins to close. 


Even when an overspeed device is fitted, a know- 
ledge of the overspeed characteristics of the gener- 
ator and turbine is essential so that the generator 
can be designed to run at the maximum overspeed 
of the turbine and to avoid unstable conditions. 
The squirrel-cage type of rotor is preferable for 
induction generators, as its construction is simple 
and robust and it can easily be designed to with- 
stand operation at high speeds. 


Since the induction generator can be switched 
on to the system at a speed well above synchronism, 
no synchronising equipment is required. No 
overvoltage or increase in frequency is produced, 
as the voltage and frequency are dictated by the 
synchronous machines on the system. If a line 
fault occurs causing a loss of voltage and excitation, 
there is no tendency for the induction generator to 
feed into the fault. 
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‘English Electric’ Equipment at the Abbey Works 


of the Steel Company of Wales 


II. MAIN DRIVES FOR 3-STAND COLD STRIP MILL 


By G. R. WILSON, B.Sc., A.M.I.E.E., Chief Engineer, Metal Industries Division. 


THE PREVIOUS ARTICLE in the September, 1952, 
issue of this journal described the 9,200 h.p. main 
drive for the slabbing mill in which the steel ingots 
are rolled into slabs. The last stage in the process 
of rolling down to strip gauges at the Abbey Works 
is effected in the 80-inch wide 3-stand cold strip 
mill (Fig. 1) built by the Davy and United Engin- 
eering Company of Sheffield and having ‘ English 


Electric’ main drives. The consultants for the 
electrical equipment were Messrs. McLellan & 
Partners. The importance of this cold mill in the 
production of steel strip and sheet is indicated by 
the proposed weekly throughput of 7,000 tons. 


In order to cover a wide variety of rolling 
programmes, each stand has its own double- 


Fig. 1. The 80-inch wide 3-stand cold mill, with control cabinets 
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Fig. 2. Speed envelope for 3-stand cold mill 


armature motor with an independent speed-range. 
Fig. 2 shows the resulting envelope or cone of 
speeds available ; the upper line represents the top 
speeds of the three stands with the motors on full 
voltage and weak field, the middle line the normal 
base speeds at full voltage and full field, and the 
bottom line the sub-base speeds available at full 
field by reduction of voltage (and horse-power). 
A few typical programmes have also been indicated 
in this diagram. 


The material rolled in this mill lies generally 
within the following ranges :— 


Material .. Low carbon rimming 
steel. 

Width .. 27 in. to 74 in. 

Ingoing thickness 0.07 in. to 0.15 in. 

Outgoing i 0.03 in. to 0.07 in. 


Coil diameters 24 in. inside and up to 


72 in. outside. 


The power required for rolling such ‘wide and 
thick material at speeds up to 2,000 ft/min. fixed 
the motor rating at 4,000 h.p. per stand, plus 
1,000 h.p. for the reel drive, making a total of 
13,000 h.p. (R.M.S.). 


Mill and Reel Motors 


The work rolls of all stands have nominal 
diameters of 21 in. and those on Stand 3 thus 


reach a speed of 370 r.p.m. when the strip is running 
at 2,000 ft/min. Direct-coupled motors (i.e., 
without gearboxes) are thus practical, and all four 
motors are so arranged. The following are the 
main data for these motors, which are shown in 
Fig. 3. 


Motor. R.M.S. Speed Range Strip Speed 
h.p. r.p.m. f.p.m. 
Stand | 4,000 = 85/221 467/1215 
Stand 2 4,000 140/300 770/1650 
Stand 3 4,000 170/370 935/2035 
Reel 1,000 100/360 (designed) — 


108/324 (working) 2035 


The choice of double-armature motors for the 
three mill stands was made partly so that the 
motors could be accommodated side-by-side with- 
out increasing the distances between adjacent 
stands, and partly to secure co-ordination between 
their accelerating current requirements. The reel 
motor is also of the double-armature type, solely 
to obtain minimum inertia. 


The double-armature construction makes use of 
a stub shaft running in a third pedestal at the 
driving end of the whole assembly, so that the two 
armatures of an individual motor are interchange- 
able and of conventional design. All the main 
motors, and their generators, are of the well-known 
‘CS’ class, specially strengthened for heavy-duty 
rolling mill service. 


Power Supply : M.G. Sets 


In line with modern practice each of the four 
D.C. motors has its own generating capacity ; in 
this way the mill is given greater flexibility of 
performance and the short-circuit power in any 
one circuit is much reduced. Each motor has two 
generators, arranged one on each of two motor- 
generator sets (Fig. 4), the sequence of generator 
and motor armatures in each circuit being such 
that the maximum voltage to earth does not exceed 
650. 


Each motor-generator set is driven by a 7,500 
h.p. 11 kV 750 r.p.m. ‘GG’ class synchronous 
motor designed for reactor starting. The starting 
sequence can be selected to be under manual 
control at every stage or under automatic control. 

Apart from the ventilation arrangements the 
design and construction of the M.G. sets are fairly 
conventional for steel-mill service. 


>) 
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Mill Drive Control System 


With no common D.C. busbar to supply all the 
mill motors, it is necessary to give each motor a 
control system to tie its speed in some definite 
relation to the voltage on a low-power exciter-fed 
reference busbar. The basis of the control scheme 
adopted for this mill is indicated in Fig. 5. 


The common reference busbar is energised from 
the reference exciter RBE which is large enough to 
supply the generator field power and at the same 
time give a reference voltage to each magnavolt 
control exciter. The reference busbar exciter 
voltage is determined by the position of a motor- 
driven rheostat which is able to travel over its full 
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range in a normal time of 6-20 seconds or in an 
emergency-stop time of 3 seconds. 


The magnavolt control exciter, a rapid response 
machine of high power gain, compares the actual 
speed of the motor, as measured by the voltage of 
a pilot exciter, with the reference busbar, and trims 
the generator excitation to reduce any speed error. 
This control is essentially a speed control, with high 
accuracy to enable the regulation to be reduced at 
will to a very low value. In normal rolling practice 
a regulation of 2-4°% has been usual on this type of 
mill. The speed control is therefore compounded 
by injecting into the reference busbar voltage 
comparison circuit the output of a magnetic amp- 
lifier dependent on mill load. 


Fig. 3. The three 4,000 h.p. main motors and 1,000 h.p. reel motor 
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Fig. 4. The two 
7,500 h.p. motor- 
generator sets, with 
main control desk 
and alarm board 
in back-ground 


The normal method of compounding would give 
an increasing percentage regulation as the speed is 
reduced by voltage control. This upsets the ratio 
of speeds between the stands, and causes the inter- 
stand tension to vary as the speed varies. It was 
decided that the control would use a radically new 
principle which gives the maximum help to the 
mill operator. The compounding control is 
accordingly arranged to maintain a constant 
percentage regulation at all speeds obtained by 
voltage control. Since the rolling-load torque is 
nearly independent of speed, this ensures that the 
ratio of the speeds of the individual stands is 
maintained constant for any speed from thread to 
full running speed and greatly facilitates setting up 
the mill. Threading occurs under top speed 
conditions since the tension distribution at thread 
and top speed is substantially the same. 


The compounding circuit has also been fitted 
with an adjustment which changes the level of 
compounding over a range of approximately 
1-10°, and it is significant that the mill is rolling 
very satisfactorily with a regulation of about 6%, 
which is double that customary in the United 
States of America. This gives added tolerance on 
the initial speed settings, and minimises adjustment 
during rolling. 

The first coils rolled in the mill showed practically 
no deviation in gauge during threading and 


acceleration periods, compared with the gauge 
during steady rolling, and were commercial 
products. 


Tapered tension circuits were included in 
accordance with up-to-date practice on cold mill 
drives, but it was found that due to the effectiveness 
of the rest of the control system these circuits were 
unnecessary and they are at present disconnected. 


Reel Drive Control System 


The R.M.S. rating of the 1,000 h.p. reel motor 
corresponds to a tension of 16,500 lb at maximum 
strip speed. The tension range available by normal 
control is 3,000-21,000 Ib, but if the coil build-up 
is limited to 56 inches and the strip speed to 
1,600 ft/min, a maximum tension of about 25,000 Ib 
is available for special requirements without 
increasing the load on the motor. The control 
system is conventional in that it relies on motor 
current rather than strip tension, and that the 
motor is shunt-wound with the shunt range 
sufficient to cover the whole range of coil diameters 
from 24 in to 72 in. 


It is convenient here to recall the simple equation 
applicable to most reel control systems :— 


Tension X strip speed=constant X motor volts 
X motor current ; i.e., mechanical h.p.= electrical 
h.p. 
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Fig. 5. Basic control scheme for 3-stand cold mill main drive 


In the system used for ihis particular reel motor is fully determined. The basic scheme is indicated 


the motor current is related to tension and is held in Fig. 6. 

constant by one control system, while motor The current-control circuits are simple but 
voltage is related to strip speed and is held by a during speed changes they require biassing accord- 
second control system. One of these control ing to the rate of change of strip speed, so that the 
systems acts on the generator field and the other reel motor can develop not only the torque required 


on the motor field, so that the motor performance for strip tension but also the torque required to 
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Fig. 6. Basic control scheme for reel drive 


overcome the inertia of the motor and the coil of 
strip. Correct compensation for the varying 
inertia of the coil is secured through the field 
setting rheostat, which positions itself according to 
reel motor field current and hence according to 
coil diameter. 


The circuits for holding the reel motor voltage 


proportional to strip speed are also basically 
simple. A pilot exciter driven by the Stand 3 mill 
motor provides a voltage proportional to strip 
speed, and the reel motor internal e.m.f. is com- 
pared directly with this voltage. A magnetic 
amplifier serves as both the detector of any error- 
voltage and as the amplifier necessary to supply the 
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very appreciable motor field power. This magnetic 
amplifier is one of seven on the various mill drives 
and they are believed to be the largest in service 
in this country. 


During the start of each coil, when the first few 
turns of untensioned strip are being wrapped round 
the drum, the reel motor is operated as a normal 
shunt motor ; the circuits are re-arranged slightly 
to permit the motor to run a few per cent faster 
than the strip, and in this way the drum accepts the 
slack strip and pulls it taut as soon as a few turns 
have been wrapped. The transfer to normal 
running-tension working is manually controlled, 
but is effected automatically if the operator has 
not made the transfer by the time he starts to 
accelerate the mill above the threading speed. 


Mill Control Cabinets 


The mill carries seven control cabinets, all on 
the operating side as shown in Fig. 1, containing 
the necessary instruments and indicator lamps as 
well as the control devices. Six of the cabinets are 
provided with hinged supports to permit them to 
swing clear when roll-changing. These supports 
allow the connections to be brought in through 
strong rigid ducts instead of in flexible conduits ; 
there is one combined cable pipe and hinged 
support to each cabinet. 


Primary control of the mill is effected from four 
push-buttons, some of which are repeated on 
several cabinets, and from a set-up control switch 
on each of six cabinets. 


Fig. 7. D.C. control board 
for 3-stand cold mill 


The push-buttons perform the basic functions 
of starting and stopping the mill and changing its 
speed. The control switches are for safety purposes 
and for setting-up which stands are to run or inch ; 
the safety features permit an operator to isolate 
his own stand or alternatively to prevent operation 
of the whole mill drive. 


The remaining controls provided on the cabinets 
are for such functions as setting the stand-motor 
field rheostats, and selecting the mill top-speed 
(600 to 2,000 ft/min) and the reel tension. 


Indications cover motor current and speed, 
flying micrometer reading, and interstand tension 
measurements. 


Control Gear 


Contactors, field failure relays and other similar 
devices for the D.C. circuits are grouped on one 
board about 40 feet long (Fig. 7) which is a slate- 
panel assembly on self-supporting framework. 


Immediately behind the contactor board is a 
similar framework, but without the slate panels, 
carrying the magnetic amplifiers and their associ- 
ated transformers, resistances and setting rheostats. 
Thus each amplifier is substantially behind the 
associated contactor panel, and as the _ inter- 
connecting wiring is above floor level an accessible 
and compact arrangement is secured. 


Immediately behind the main motor foundation 
block there are four motor-field rheostat assemblies 
and four power-operated main circuit isolators. 


2 
40 
+ 
= 
we 


AW 


THE ENGLISH ELECTRIC JOURNAL 41 


The rheostats are located here so that the connec- 
tions to the motor compole windings for compole 
divert can be kept short. The rheostats are of a 
new in-line type, built for applications of this 
nature, and are assembled with up to about 400 
contacts per track as shown in Fig. 8 ; the compact 
and easy-running mechanical drive permits remote 
control from a mill cabinet by the selsyn seen at the 
right. 

The use of four entirely separate main D.C. 
circuits permits individual motor stopping and 
protection to be obtained by generator field control 
and suppression. Although this feature is included 
and is very effective, each circuit also contains an 
isolator which is power operated, so that when 
required, for instance during roll-changing, the 
mill operators by opening it can be certain that 
creeping or running is definitely precluded. 


Exciter Sets and Auxiliaries 


The control systems adopted for the mill and reel 
drives require very few exciters. 
Apart from the pilot exciters 
driven by the main motors, there 
are thirteen exciters in the base- 
ment. These form three sets 
driven by squirrel-cage motors 
and comprise two for supplying 
the synchronous motor rotors, 
three for common control, and 
two for each of the four drives. 

Associated with the main drives 
is a considerable number of 
auxiliaries, requiring a long L.V. 
A.C. contactor board for their 
control. This board supplies the 
two smaller exciter set motors and 
the seven magnetic amplifiers, and 
also the lubrication pump motors 
for the main motors and M.G. 
sets, selsyns used for various 
purposes, and the two tensio- 
meters. 

In view of the very low speeds 
of the mill and reel motors, as low 
as 7 r.p.m. on No. | motor when 
at minimum threading speed, all 


M.G. sets are flood-lubricated, and the synchron- 
ous-motor bearings are in addition provided with 
oil-jacking during starting. 

All pumps are duplicated, and those on the 
flood system are provided with automatic transfer 
to the standby pump of a pair. 


Ventilation 


It will have been seen from Figs. 3 and 4 that 
the main electrical machines are in the mill bays 
and that there is no motor-room, although a 
special basement is provided for the exciter sets 
and contactor boards. This layout made it very 
desirable to enclose fully each main machine, and 
the ventilation system is therefore of the up-and- 
down type as used on the slabbing-mill drive. 
Most of the air passed into a machine is re-circu- 
lated and cooled ; approximately 10% is extracted 
to atmosphere from around each commutator and 
is replaced by electrostatically-cleaned air drawn 
into the system. 


if 


these motors are equipped with Fig. 8. A rheostat assembly, with seven separate tracks, for motor 


flood lubrication. Bearings on the 


fields and associated circuits, with selsyn drive 
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The four main motors are ventilated by three 
53,000 cu. ft/min fans driven by 95 h.p. motors, 
two running and one standby, and the two M.G. 
sets share two of three 80,000 cu. ft./min fans 
driven by 140 h.p. motors. 

A small fan in the lubricating-room ceiling 
draws air over the contactor boards and exciter 
sets in the basement and then through the 
lubricating-room, discharging the air into the mill 
bay above. 


Strip Tension Indicating Tensiometers 

The English Electric Company also designed and 
supplied the two tensiometers required between 
Stands | and 2 and between Stands 2 and 3, for 
indicating the strip tensions of up to 150,000 and 
120,000 Ib at these points. 

The design, based on two smaller ‘ English 
Electric ’ tensiometers recently commissioned, uses 


a strip-supporting roller mounted in bearings in 
two rocker arms. Angular movement of these 
arms depends on strip tension and is resisted by 
torsion bars the twist of which is measured by 
transmitter selsyns via quadrants and pinions. The 
indicators are essentially selsyn-driven pointers. 


This design is sturdy and makes use of several 
well-tried principles accepted in the engineering 
field. Close collaboration was necessary with the 
Steel Company’s consultants, and with the mill 
builders who made most of the mechanical parts, 
in fitting these large tensiometers into the very 
restricted spaces available. 


Conclusion 


This 3-stand cold mill went into production 
in October, 1951, production rolling commencing 
on the same day that the first trial run with strip 
was made. 
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Ill. EQUIPMENT FOR POWER SUPPLY CONTROL AND DISTRIBUTION 


By J. F. SMITH, Switchgear Sales Department, Stafford. 


66 kV Main Substation 


A 66 kV outdoor substation of the South Wales 
Electricity Board at Margam provides the largest 
part of the power supply for the Abbey Works. 
This substation is shown in Fig. | and comprises 
a single-busbar arrangement incorporating eleven 
air-blast circuit-breakers controlling three incoming 
feeders, two bus-sections and six transformers. 


The circuit-breakers are housed individually in 
small brick-built weatherproof blockhouses, and 
the remaining equipment such as isolators and 
earthing switches is mounted outdoors on concrete 
pillars. Connections to the circuit-breakers (Fig. 
2) are taken from the overhead outdoor equipment 
and transformers through the reinforced concrete 
roofs by roof-bushings, the undersides of which 
accommodate the current-transformers. 


An advantage of this type of installation is that 
ample space is provided within the blockhouses to 


: 


enable inspection and maintenance work to be 
carried out irrespective of weather conditions. 


AIR-BLAST SWITCHGEAR 


The air-blast circuit-breakers are of the OBL6‘c’ 
indoor type with a rating of 1,000 MVA at 66 kV. 
As a safety measure each breaker is enclosed by 
an expanded metal screen (Fig. 3), the doors of 
which are interlocked with the associated isolator 
and earthing switch to prevent access to ‘live’ 
parts. 


Operation of the circuit-breaker is entirely 
pneumatic, the compressed air stored in its twin 
air-receivers being sufficient for two * make-break ” 
operations before refilling. Upon energising the 
‘tripping’ control circuit the main blast valves 
situated at the base of each vertical support 
insulator are opened and compressed air is fed 
from the receivers via the hollow support insulators 


Fig. 1. The 66 kV substation at Margam, which supplies electric power to the Abbey Works 
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to the interrupter chambers. These chambers are 
mounted in horizontal insulators between the 
vertical support insulators, and each contains two 
sets of fixed and moving contacts arranged back to 
back. The air pressure forces the moving contacts 
away from the fixed annular contacts, and an arc 
is drawn between them. The high velocity air 
passing through the annular contact immediately 
transfers the arc to the arcing probe where it is 
extinguished by rapid de-ionisation at the first 
current zero. The arc products pass upwards to 
atmosphere through the cooling spirals situated at 
the top of each support insulator. These coolers 
also have a silencing effect. 


All three phases operate simultaneously. 


As air is admitted to the vertical support insu- 
lators a portion of it is diverted through pipes 
which connect all three phases to a junction piece. 
From this junction the compressed air is led direct 
to the operating cylinder which opens the make- 
switch blades of all three phases. These pipes are 


Fig. 3. A 66 kV air-blast circuit-breaker enclosed 
by safety screens inside a blockhouse 
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Fig. 2. Connections 
from the 66 kV over- 
head lines to the air- 
blast circuit-breakers 
in blockhouses, 
through roof bushings 
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sO proportioned in length and 
diameter to ensure that the blades 
operate after the arc has been 
extinguished by the interrupters. 


The movement of the make- 
switch operates an auxiliary switch 
which opens the control circuit, 
cutting off the air supply, and the 
moving contacts then automatically 
reset under the action of their 
springs. 

The circuit-breaker is closed by 
the movement of the make-switch 
only, as the interrupters are nor- 
mally closed when the air pressure is 
shui off. 


The compressed air for opera- 
ting the circuit-breakers is supplied 
by two Type ACS air-compressor 
equipments (Fig. 4). Each equip- 
ment comprises a 3-stage air-com- 
pressor driven by a 415-volt 3-phase 


motor mounted upon the main air receiver. The 
compressed air is stored in these receivers at a 
pressure of 600 Ib per sq in and is reduced to the 
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Fig. 5. The control board in the 66 kV substation 


Fig. 4. The two air-compressor equipments for the 66 kV air-blast 


switchgear 


normal working pressure before being supplied 
to the circuit-breakers, thus ensuring that the air in 
the circuit-breakers is fully dried. 


CONTROL BOARD 


An eleven panel cubicle-type 
sheet-steel control board (Fig. 5) is 
housed in the local control room 
and controls all the circuit-breakers 
in the substation. It is equipped 
with the usual instruments, over- 
current and earth-fault relays, and 
each panel is provided with a 
changeover switch with key inter- 
lock to permit alternative control 
from the remote control board in 
the Strip Mill control room situated 
some 440 yards from the substation. 
Semaphore-type control switches 
are provided, and the D.C. supply 
for ‘tripping’ and ‘closing’ the 
breakers is obtained from a 240-volt 
battery and rectifier equipment. 


TRANSFORMERS 


The substation contains six trans- 
formers, three of 17.5 MVA and 
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three of 10 MVA, for stepping down the 66 kV 
supply to 11 kV. The transformers are all arranged 
for natural oil cooling, this being effected by 
separate banks of radiators, but provision is made 
for adding forced cooling at a future date if 
necessitated by increased load requirements. Con- 
nection to the incoming supply is via 66k V bushings 
mounted in the tank covers, and the 11 kV supply 
is taken away through cable boxes. 


The transformers are fitted with on-load tap- 
changing equipment for dealing with variations in 
the supply voltage of up to plus 5°, and minus 
15°, this range being covered in twelve steps. 


Fig. 6. One of the three sets of 11 kV air-blast switchgear for 
controlling the 4,500 h.p. synchronous motors of the Hot Strip Mill 


roughing drives 


Manual electrical operation from control switches 
is provided. In addition each tap-changer can in 
emergency be operated directly by a manual 
operating handle. 


Each transformer is protected against internal 
faults or abnormal operating conditions by a 
Buchholz device and oil and winding temperature 
indicators, which are arranged to switch in an 
alarm circuit or trip the circuit-breakers according 
to the nature of the fault or condition. The 
winding temperature indicator is also provided 
with additional contacts for controlling the forced 
cooling motors when such equipment is fitted. 


11 kV Switchgear 


There are three sets of Il kV 
switchgear installed in the Works 
in separate switchrooms, each con- 
trolling a 4,500 h.p. synchronous 
motor for the roughing drives of the 
Hot Strip Mill. Each set comprises 
three triple-pole Type OBH3 ‘h’ 
400 amp 350 MVA indoor air- 
blast circuit-breakers, and one 
triple-pole 400 amp off-load iso- 
lating switch arranged for remote 
electro-pneumatic operation. One 
of the sets is shown in Fig. 6. 


Reactor starting is used for 
these motors and the three circuit- 
breakers are therefore provided for 
the following duties : (a) ‘ forward’ 
for initial starting, (6) ‘ running’ 
when synchronism has___ been 
achieved, and (c) ‘reverse’ for 
plugging the motor for emergency 
stops. Normally the * forward’ 
and ‘ running’ circuit-breakers are 
each subject to about twelve opera- 
tions per day. 


Interlocks are incorporated to 
prevent corresponding ‘ forward ’ 
and ‘ reverse’ circuit-breakers being 
closed together and to prevent 
operation of the remote controlled 
isolating switch when either of 
these circuit-breakers is closed. 


Fig. 7. Air-compressor 
equipment for the 11 kV 
air-blast switchgear, and 
(left) the remote control 
mechanism for one of the 
11 kV electro-pneumatic 
isolators 


Fig. 9. * Combination’ 
fuse-switchboard, at coiler 
end of 3-stand Tandem 
Cold Reduction Mill, 
for local power distri- 
bution at 415 volts 


THE ENGLISH ELECTRIC JOURNAL 


47 


Fig. 8. A typical air-break 
switchboard, in the Strip 
Mill substation, for 415-volt 
3-phase 4-wire distribution 
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Fig. 10. An 8-way 30 amp fuse unit with isolator, mounted at 
crane level for main lighting circuits in the Hot Mill 


The local receivers of these circuit-breakers have 
a capacity sufficient for one * make-break ° opera- 
tion without recharging, starting at the normal 
working pressure of 125 Ib per sq in. 


The Type OBH3‘h’ air-blast circuit-breakers 
are entirely pneumatic in operation, but differ from 
the Type OBL6‘c’ (used on the 66 kV system) in 
the location and number of interrupters and the 
addition of resistance switching. 


The OBH3*h’ circuit-breaker has one _inter- 
rupter per phase, mounted within the main column, 
and a smaller column supports the make-switch 
fixed contacts. The coolers together with the 
linear resistances are situated above the inter- 
rupters. 


Upon opening the blast valve at the base of each 
interrupter column the following air pressure opens 
the interrupter, drawing an arc which is held on 
special arcing tips. The pressure air escaping to 
atmosphere through the hollow fixed contact 
scavenges the arc and raises the di-electric strength 
of the gap to its maximum, so preventing the arc 
from restriking across these tips. The arc, however, 
restrikes across the smaller gap between the arcing 
contact and the back of the fixed contact, due to 
its lower breakdown value, thereby switching into 
series with it a non-inductively wound linear 
resistance which is connected in parallel with the 
main gap. This resistance arc having a lower 
current value is easily extinguished by the follow- 


ing-up air pressure at the first 
current zero. The arc products are 
swept up into the cooler chambers 
before passing to atmosphere. 


At the same time as air is fed to 
the interrupters a portion is fed 
to the make-switch operating 


cylinders. The opening of the 
make-switch blades is timed to 
take place after the arc has been 
extinguished by the interrupters, 
and shuts off the air supply. 


The circuit-breaker is closed 
by the make-switch only, as the 
interrupters are normally closed. 

Air is supplied by a Type AC4 
compressor equipment having two 
3-stage compressors driven by 10 
h.p. 415-volt 3-phase 50-cycle motors. The 
air is stored at 600 lb per sq in and is reduced to 
the normal working pressure before being distri- 
buted by duplicate copper pipe-work. Fig. 7 
shows the compressor equipment and also, on the 
left, the remote operating mechanism for the 
electro-pneumatic isolating switch in one of the 
11 kV switchrooms previously mentioned. 


L.V. Distribution 


Numerous flat-back switchboards are installed 
in substations throughout the Works as part of the 
415-volt 3-phase 4-wire electrical distribution 
system. Fig. 8 shows a typical board, in the Strip 
Mill substation. These switchboards have black 
enamelled slate panels and angle-iron framework. 


The circuit-breakers are of the OB2 and OB3 
air-break types with a short-circuit rating of 
15 MVA ; they are hand operated and have 3 
series overload trip coils with adjustable oil- 
dashpot time lags. The OB2 breakers control 
circuits up to 600 amps, and the OB3 type is used 
on circuits above this current rating. 


For local power and lighting distribution, 
metalclad fuse-switchgear is used, incorporating 
high-rupturing-capacity cartridge fuses. An example 
of a ‘Combination’ fuse-switch distribution 
board is given in Fig. 9, and a typical 8-way 30 amp 
fuse unit with 300 amp isolator, for main lighting 
circuits, is shown in Fig. 10. 
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